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. Finite difference
. Finite element
. Frechet derivative
. Newton iteration method
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* . Whirling modes
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. Galerkin method

. Pad bearings

. Porous bearings

. Herringbone-grooved bearings
. Hydrostatic bearings

. Noncircular bearings

. Three-lobe
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. Elliptical
Two-lobe
. Four-lobe
. Bearing number
. Mount and tilt angles
. Preload
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. Perturbation method

. Conical bearings

. Multigrid

. Finite element method
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', Orbital method
% . Quasi-spectral method
* . Harmonic perturbation method
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. Chaotic

. Rotor

. Stator

. Hopf bifurcation
. Ring
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. State space

. Power spectra

. Viscose

. Neimark direct integral method
. Super-position principle
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. Squeeze number
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A, A, NLOBEG; ,6,W,,M,,NTIMEITN,CONV,RELAX, AT

CALL OTOGEN :GENERATE FINITE ELEMENT MESH DATA
INPUT : NXT,NYT,NEL, NBL

A 4
CALL EXITA : COMPUTE NODAL SHAPE EFUNCTIONS AND THEIR DERIVATIVES :
N,,6N,/60,0N, |0& AND GENERATE GLOBAL MATRIX :[F], EQ.(2.26)

|

CALL LOAD :COMPUTE F,F,

A 4
INPUT:|x, | F,.F,

FIND JOURNAL CENTER TRAJECTORY . i
SOLVE EQ .(2.30) AND OBTAIN [x, y,%, ] AND (¥,,i =12,..,n,) !

NAT = 0 oz 55 el sluss OUTPUT
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[T = )|)§3 o)Lo..fa
[ INPUT{¥, },A,W ] ITM = J 55 ot amSle
o BLOCK -l e e
v
IT=0
v
IT=IT+1

v
GENERATE GLOBAL MATRICES [F], ., .[V], ..EQ(2.49)

|

APPLY BOUNDARY CONDITION

A 4
[ SOLVE EQ.(2.49) FOR NODAL REFINMENT VARIABLE (1., =1,2,...,n,) ]

[ SET :SUM1=0,SUM2=0 ]

A 4
SUM1 = SUM1+ (Y i =1,2,....m,

A 4
SUM2 = SUM2+ (¥, )i =12,..n,

\ 4

DS = (SUM%?UM 2)

IT <ITM

PRINT CONVERGENCE
NOT ACHIEVED

ouTPUT

Sliwl cll jo ,Lad lawe o6 (YY) o

RETURN
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Ir=1 IT = )55 0)let
ITM = 1,55 o)l pou S Lo
¢ L= ldlolass

[J1=0
v

i IT =1IT +1

A

COMPUTENODAL PRESSURE

v
Fo=Fy+F,
Flo=Fo+F,

v

COMPUTE DERIVATIVE PRESSURE V!, ¥,
<3

v
COMPUTE[J,]FOR THE ELEMENT

YES CONTINUE

PRINT CONVERGENCE NOT ACHIEVED
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INPUT (x(),i =1,2,3,4) = (x, ,%, )

(3.1 =1.4)(S10), i =1,...m, ) (SI@)si = yn,) = (Wi =1,
* (SWX:SWY):(FXWF}O)
(GC(@i),i =L,n,) = (P, i =1,.n,)
N=0
_Block-2 B e =
N=N+1
v

SETT =TIME,j=0

»
L
A

j=j+1

A 4

A 4

[ T =TIME + FACT xAT k= j—1 ]

v

(SV (i) = x(i) + FACT x Q(i, k)i = 1,...4),(SI(i) = SI0(G) + FACT x PQ(i, k)i =1,..,n, )

[ CALL LOAD,COMPUTE DWX ,DWY ]

’

4



¢4

[ 0, /) = SV(3),0(2, j) = SV(4),0(3, j) = (DWX — SWX)/MASS, Q(4, j) = (DWY - SWY)|MASS ]

A 4

[ 0@, /) =ATxQ@, )),i=1,..4 ]

\ 4

[ CALL DYNAMIC,COMPUTE GC(i),i =1,...,n, ]

\ 4
[ PO(, j)= AT xGC(i),i = 1,..,n, ]

A

x(0) = () +(OG,1) + 2x O(i,2) + 2 x 0(1,3) + O(i,4))/ 6,i = 1,...4
SI0() = SI0() + (PO(,]) +2x PO(i,2) + 2 PQ(i3) + PO,4))/ 6,i =1,...,m,

[ CALL LOAD,COMPUTE DWX ,DWY ]

NO

\ 4

YES

PLOT :TIME SERIES DATA,DYNAMIC ORBITS ,STATE SPACES ,POINCARE MAPS ,POWER SPECTRA

Y Ssb ol (0-Y) S



NORMALIZE COEFFICIENTS
f; AS fq' =f; /f” AND SET GT(i)=1/f,
SUBPROGRAM DYNAMIC
!_ ................................. S
GENERATE COLUMNMATRIX
OF EQ.(2-26) ASV ,,i=12,..;n,
Vq’i = qu/ i =120,
A 4
K=1
V: A
JK =0

INITIALIZE
¥, = 81G),i =12,....n,

\ 4
GENERATEGLOBALMATRIX

[F], .. .EO(2-26)

Vi =W, ,K=12..n,
(SV (i) = x(i) + FACT x Q(i,k).i =1,.,4),(SI (i) = SIO() + FACT x PQ (i,k).i=1,.,n,)

O)

NO

K > ITN

YES

PRINT
NO CONVERGENCE
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RF x W, +(1- RF)x ¥, i =1,2,..,

< h < A
o
Ll
<
i
4WAM
|-
Ll
%)
N
‘w..r
B Vi
) - . d
= | % ] \= [ 2 _ S
i N = + .
__J ~ VI F 2> = )
“ __. n /Wt..\
3 o)
. o)
i <
)
5
d
-
A A 4

OUTPUT

W} ol b 299061

oy



S)ge & {YI} lo,5 polie (55, 0alazd )5 IS Jl,Ken jloss

o~ < i=12,.n *-Y)

,

el o a8 S s ¥ 2107 Jade yole IS s a8 il e

Vg damlone sl (ol ad> 50 50 0 suslocany ¥ polie 5l ool San @ s jslaie
Sogo a (F-V) dloles jo RE S35 cu o 28,5 a8 10 b polde cpl 09l o oolaiul (F-Y) alolee
¥« =RFx¥ +(1-RF)x¥, (V-Y)

RO PRV APCER SRR ISR A RT IR PR [ PR JIPE K gL

@S 69y 2 §)laSame B-Y
al> 1o 90 50 bl ol &l GBlawl 4 Slows Cpz oald agd 4ol p oo o Sl 5l licedsl Cp>
blyd cov jyme Jolad Combge (pnd Oloslone £9,0 abais a5 bl 5058 o 518 ol 990
[OA] &z po 5o 00 (0,155 bt g odwlcanss bt cpo (slaslio 130 ol co 00aid 5 \kas s (6,8
ol e o9 @l .l ol 03,51 (\-T) Jgaz 50 mls 50 G dwolie ol 4850 50

Dol oo > o (I U (6 5 enelS auli o o Slas 5l Sl> a5 09 o0 camlice
99y (ol Ken g Silg Lawgs oo a3l slo )5 L gillae o Solns Sl o s obj)) ey
Sz BE-SKl, (g, 5l eolasial sl g 098 o0 48,50 julgn; dlolae o jolaie 4y sguome Jol5
Sl 50 Sl 5 Cepn i albmly SYolae eome (500 S 5 S p i almla polie 4 (Slitws

J>lre 50 semme olmls Cales 0 g S o OLS Tal jo B 0gd e Aldgs (g0gee g (A8

LY eo=2e0 e o] 0gi 00,5] cavay Sloj calises

oY



Sl Sl 0 ol anlia (V1) Jgaxr

[0A] gz po 58 odnlcanss gulos

A=1,06=05

Al TYPE X0 Yo X Y
Two- lobe 0.244 -0.002 0.257 -0.002
0.1 [ 001 | Three-lobe 0.217 -0.005 0.223 -0.004
Four- lobe 0.233 -0.003 0.240 -0.004
Two- lobe 0.242 0.014 0.254 -0.014
0.5 | 005 | Three-lobe 0.218 0.014 0.224 -0.018
Four- lobe 0.232 -0.015 0.238 -0.023
Two- lobe 0.236 -0.026 0.246 -0.028
1| 01 | Three- lobe 0.216 -0.035 0.222 -0.044
Four- lobe 0.232 -0.032 0.234 -0.046
Two- lobe 0217 -0.050 0.224 -0.053
2 | 02 | Three-lobe 0.209 -0.071 0.211 -0.082
Four- lobe 0.231 -0.081 0.23 -0.085
Two- lobe 0.160 -0.103 0.166 -0.111
5 | 05 | Three- lobe 0.192 -0.146 0.194 -0.147
Four- lobe 0.227 0154 0.231 -0.159
Two- lobe 0.126 -0.178 0.122 -0.174
0| 1 Three- lobe 0.212 -0.200 0.212 -0.215
Four- lobe 0.268 -0.241 0.277 -0.243
Two- lobe 0.087 -0.272 0.091 -0.276
20 | 2 Three- lobe 0.286 -0.324 0.272 -0.323
Four- lobe 0.380 -0.406 0.375 -0.400

of




> jo oaband 5k o bl Con b, 90 (ol 5l edwlienss bl G Glamslie (Y-T) Jgo 5o

J.JLSA Ml} ‘) U‘ uuLw‘);oM M?J 6ﬁwl§¢nbﬁ5r@h})5ﬂ‘wso}‘o

Sealys &> 3 FEM) sgume slyzl s (FDM') sgame bl sl b soslsny gl alie (Y-F) Jgox
W, =506.5N, m, =258Kg
A=1, A=20, 5 =0.001mm

X y
Type Preload Methods 710 7 =100 7 =1000 710 7-100 7 =1000
FEM -0.041972 | -0.036867 0.062038 0.025430 -0.019359 -0.015659
0.4
Two- FDM -0.041974 | -0.035860 | 0.061688 0.024744 -0.019265 -0.015123
lobe
FEM 0.070029 | -0.087053 | 0.002880 0.012823 -0.004511 -0.013407
0.5
FDM 0.068351 | -0.086471 | 0.003743 0.013035 -0.004903 -0.013310
FEM 0.028359 | -0.003712 | 0.032841 0.011121 -0.026038 -0.001293
0.4
Three- FDM -0.028234 | -0.003483 | 0.032571 0.010846 -0.025769 -0.001100
lobe
FEM 0.007453 | -0.068915 | 0.028037 0.048758 -0.046692 -0.047228
0.5
FDM 0.006315 | -0.068272 | 0.028657 0.048503 -0.047095 -0.046474
FEM -0.023384 | -0.001091 0.025544 0.005796 -0.021814 0.004614
0.4
Four- FDM -0.023120 | -0.000923 0.025179 0.005398 -0.021432 0.004777
lobe
FEM -0.004808 | -0.047774 | 0.039389 0.051686 -0.056584 -0.020057
0.5
FDM -0.006051 | -0.046378 0.039635 0.050113 -0.056449 -0.018700

' Finite difference method
% Finite element method
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ABSTRACT

During the past few decades gas-lubricated bearings have received great attention from
practical and analytical tribologists. The rapid growth of gas bearing technology is mainly
due to its wide range of engineering applications such as precision machine tools, high
speed aircrafts, nuclear reactors, textile spindles, dental drills, etc. Gas-lubricated journal
bearings have the advantage of negligible friction, cleanliness and easy availability of air as
the lubricant. However, poor dynamic stability due to low viscosity is a major problem.
Therefore, the investigation of dynamic behavior is necessary to avoid settling of the
system in a region where its control is severe.

In this dissertation the dynamic analysis of a rigid rotor supported by noncircular gas-
lubricated journal bearings is studied. Three types of noncircular gas bearins such as two,
three and four-lobe bearings have been considered. To obtain pressure variable a finite
element method is employed to solve the nonlinear Reynolds equation in dynamic state.
Initial conditions for dynamical state are selected from the equilibrium position of the rotor
center in the static state and the related pressure variable. The motion equations of the rotor
and the Reynolds equation are solved together using the Runge-Kutta method to estimate
position, velocity and acceleration at each time step. The solutions are regarded as initial
conditions for the next time step. To analyze the behavior of the rotor center in the
horizontal and vertical directions under different operating conditions, the dynamic
trajectory, the power spectra, the Poincare maps and the bifurcation diagrams are used.
Parameters such as rotor mass, bearing number and preload have been considered to
investigate nonlinear dynamic behavior of system at two aspect ratios of 1 and 1.5.

Results of this study show how the complex dynamic behavior of these types of system
comprise the return to equilibrium position of the rotor center in the static state, KT -
periodic and quasi-periodic of the rotor center and contact between the rotor and bearing
with changes in the system parameters. Therefore, undesirable behavior can be avoioded
for the rotor center by choosing suitable values for these parameters. Results indicate that
the three types of noncircular bearings will rank from the stability standpoint with four-lobe
having the highest stability, and twe lobe the lowest.

Keywords: Dynamic Behavior, Gas-Lubricated Journal Bearings, Dynamic Orbit, Poincare
Map, Bifurcation.
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